Objective: The present study aimed to evaluate the neuro-protective and hepato-protective activity of melatonin (MLN) on non-alcoholic steatohepatitis (NASH) in albino rats induced by methionine and choline deficient (MCD) diet. Material and Methods: To achieve this aim, rats were fed MCD diet for 8 weeks to induce non-alcoholic steatohepatitis. Oral administration of MLN (10 mg/kg/day) was done for the last two consecutive weeks. Twenty-four hours after the last dose of the MLN behavioral test, namely activity cage test was performed and the activity counts were recorded. Serum AST, ALT, ALP, GGT, total/direct bilirubin and albumin were valued to assess liver function. Moreover, hepatic interleukin-6 (IL-6) as well as nuclear factor-kβ (NF-kβ) were determined. Besides, brain biomarkers viz. ammonia, nitric oxide and brain-derived neurotrophic factor (BDNF) were measured which are reliable indices to assess brain damage. Results: MLN succeeded in suppression of NASH rats' locomotor activity. Besides; it improved all biochemical parameters and histopathological as well as proliferating cell nuclear antigen (PCNA) immunohistochemical profiles of liver and brain. Conclusions: These results afford new intuition into the possible molecular mechanisms by which MLN faces steatohepatitis disorder, via modulation of several factors participating in the progression of this disease.
INTRODUCTION
Patients with fatty liver have been projected to be more susceptible to developing cirrhosis, steatosis with inflammation leading to the progress of various nonalcoholic fatty liver disease (NAFLD) that could eventually initiate hepatocellular carcinoma (Sass et al., 2005) . Nonalcoholic steatohepatitis (NASH) is a more severe medical case that develops in a subset of patients of NAFLD (Takaki et al., 2014) . Although the exact mechanisms remain unclear; NASH is progressed by accumulation of lipid . droplets in the liver parenchymal cells leading to enlargement of these cells, which in turn may possibly affect the flow of blood through the hepatic sinusoids and sequentially may worsen hepatic injury by scanting centrilobular regions of oxygen and nutrients (Tanaka et al., 2012) . However, numerous influences also may contribute to the change of blood stream through the hepatic microcirculatory including stimulation of Kupffer cells with discharge of vesicular intermediates reactive oxygen species (ROS), nitric oxide (NOx), prostanoids as well as proinflammatory cytokines viz., tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, alterations of the endothelial cells, stimulation and narrowing of the peri-sinusoidal stellate cells, and precipitation of collagen and other extracellular proteins in hepatocytes (McCuskey et al., 2004) leading to the development from steatosis to steatohepatitis (Nagaya et al., 2010; Neuschwander-Tetri, 2010; Tilg and Moschen, 2010) .
Diet scarce in essential amino acids such as methionine and choline is a famous model for inducing NASH (Brunt, 2005) . Methionine and choline deficient (MCD) diet lacks two constituents, which are critical factors for hepatic β-oxidation (Diehl, 2005) . The testified mechanisms of MCD diet in the induction of NASH may occur through interference of phosphatidylcholine synthesis initiated by methionine and choline deficiency with increase in oxidative stress, fibrogenesis and elevation in the levels of proinflammatory molecules such as interleukin 6 (IL-6). Also, MCD diet leads to triggering of nuclear factor-kβ (NF-kβ) as a significant relationship between oxidative stress, inflammation and hepatic fibrogenesis (Dela Pena et al., 2005) .It was suggested that hepatocyte injury is often correlated with elevated levels of proliferating cell nuclear antigen (PCNA); (Itagaki et al., 2013) which is related to the post-replication repair pathway after DNA damage (Lehmann,Fuchs, 2006) . Brainderived neurotrophic factor (BDNF) is a neurotrophin growth factor; usually considered as a driving force behind neuroplasticity and proved to be involved in cognition, neurogenesis and neurodegeneration (Papaleo et al., 2011) .
Melatonin (MLN) is a neuron hormone produced in and excreted from the pineal gland during night (Reppert et al., 1994) . Alongside to its neuroendocrine utilities; it also exerts psychotropic effects in rats including; sedative, analgesic, anticonvulsant and anxiolytic effects (Sugden, 1983) .It guards cellular DNA and membrane lipids from oxidative damage; also, antagonizes oxidative intermediaries thus preventingneuroinflammation (Maldonado et al., 2007 , Reiter et al., 2002 .
This study aimed to investigate the probable potential role of MLN as a neuro-protective and hepato-protective natural supplement in modulation of enzymatic biomarkers, inflammatory cytokines and cell proliferative mechanisms in MCD induced NASH in rats, as a future new treatment target for this multipathological disease.
MATERIAL AND METHODS

Drugs and Chemicals
Melatonin (MLN)(Sigma-Aldrich Co. St Louis, MO, USA). MLN was administered orally after being freshly suspended in distilled water.
Animals
Male Wistar rats weighing 70-80 g; obtained from the National Research Centre (NRC, Dokki, Giza, Egypt) Upon arrival, the animals were kept in a quiet place, housed eight per cage and acclimatized to a colony room with controlled ambient temperature (22±1 °C), humidity (50±10%) and a 12 hour natural light/dark cycle. They were fed a standard diet, water was provided and they were acclimated for 7 days before entry into the subsequent study. They were allowed free access to water and food throughout the period of investigation. The experiments were performed with 8 animals per treatment group according to a randomized schedule.
Ethics Statement
This study was performed in according to recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH No. 85:23 revised 1985) . All surgeries were accomplished under deep sodium pentobarbital anesthesia to minimize suffering.
Experimental Design
Rats were divided into 3 main groups (n=8), group (1): Normal control group receiving normal pellet diet for 2 months. Groups (2,3) were administered MCD diet (Dyets, Bethlehem, PA, USA) for 2 months (Amini et al., 2011) then one of those groups was used as positive control and the other group was administered MLN (10 mg/ kg p.o) for the last 14 consecutive days (Pan et al., 2006) , concomitantly animals in both the normal and the positive control groups were administered daily distilled water ingestions (5ml/kg p.o). The MCD diet was continued in both groups (2,3) throughout the whole 14 days.
Assessment of locomotor activity
The activity cage test was performed using a grid-floor detecting activity cage device (Model No. 7430, Ugo-Basile, Italy). Each rat was placed 5 min in the cage and the locomotor activity was assessed as the total animal activity count during the 5 min (Yang et al., 2003) .
Collection of Serum Samples for Analysis
Blood was collected from the retro orbital plexus of veins under sodium pentobarbital anesthesia and was centrifuged (700×g, 4°C, 20 min) to separate the serum to estimate liver enzymes (AST and ALT) and (GGT, ALP and total\direct bilirubin) using spectrophotometric colorimetric reagent kits (QCA, Amposta, Spain) and (XpressBio, Thurmont, USA) respectively.
Tissue Extracts
After serum collection rats were killed by decapitation; livers and brains were separated out, washed, weighed and homogenized in PBS (10%) for the estimation of the following parameters.
Liver parameters
ELISA kits were used in the estimation of Interlukin-6 (IBL, Minnesota, USA) and NF-kβ(EIA ab, Wuhan, China).
Brain parameters
ELISA kits were used in the estimation of ammonia (Abnova, Taipei, Taiwan), brain derived neurotrophic factor (BDNF) (Kamiya, Seattle, USA) and Nitric Oxide (Stressgen, Ann Arbor, USA).
Histopathological examination
Autopsy samples from the liver and brain were fixed in 10% formalin saline for twenty-four hours. Then washed by tap water followed by serial dilutions of alcohol (methyl, ethyl and absolute ethyl)for dehydration. Specimens were cleared in xylene and embedded in paraffin at 56 °C in hot air oven for twenty-four hours. Paraffin beeswax tissue blocks were prepared for sectioning at 4 microns thickness by sledge microtome. Tissue sections were then put on glass slides, deparaffinized, stained by hematoxylin & eosin stain for routine examination through the light microscope.
Proliferating cell nuclear antigen Immunohistochemistry examination
All solutions according to manufacturer's recommendation were prepared, and serial unstained paraffin slides from histology were obtained and paraffin sections cleared and rehydrated according to the following steps:
Step Then antigen retrieval using citrate buffer in a steamer at 95 C° for 30 minutes were performed and the slides were washed with buffer for ≤5 minutes. After that, slides were loaded on mouse monoclonal anti-PCNA/anti-D2-40 antibody PC 10 Dako auto-stainer (Dako, Santa Barbara, CA) for 15 minutes and rinsed. After that, slides were incubated with the first primary anti-rabbit IgG for 30 minutes and rinsed twice, then incubated with the secondary antibody (Mach 2 HRP polymer) for 30 minutes and rinsed twice. Diaminobenzidinetetrahydrochloride was used as a chromogen for four minutes and rinsed twice. Then, slides were washed with PBS and counterstained with hematoxylin (1 minute) and washed with water and allowed to air to dry for 2 hours. After that, slides were cover-slipped using aqueous mounting media and scanned using Aperio CS scanner (Aperio, Vista, CA) (CampbellThompson et al., 2009) .
Statistical Analysis
Statistical analysis was performed by non-parametric K independent samples Kruskal-Wallis test followed by Dunn's multiple comparisons test for the activity cage test and one-way ANOVA followed by LSD and Tukey HSD post hoc multiple comparisons test for the other parameters. Data was expressed as mean ± SEM. Significances were expressed at p < 0.05.
RESULTS
Assessment of the relative Liver weight (LW) and Body weight (BW)
Rats fed with MCD diet for 8 weeks showed a decrease in the BW and an increase in the relative LW as compared to the normal control group. Oral treatment of MCD-diet fed rats with MLN (10 mg/kg/day) for the 14 consecutive days showed restoration of the BW and the relative LW as compared to MCD diet-induced NASH group (Table 1) . 
Assessment of the locomotor activity
Rats fed with MCD diet for 8 weeks showed a prominent increase in the activity count when placed in the activity cage (273.6±9.35vs. 169.8±5.47 count/5min, P<0.05) by comparison with the normal control group. Oral ingestion of MLN (10 mg/kg/ day) for the 14 consecutive days showed decrease in the activity count (180.3 ± 11.95vs.273.6 ± 9.35 count/5min, P < 0.05) as compared to MCD diet-induced NASH group (Figure 1 ). 
Assessment of the hepatic function
MCD diet resulted in a marked elevation in the serum liver function parameters viz. serum levels of ALT, AST, ALP, GGT, total and direct bilirubin by comparison with the normal control group. Furthermore, rats fed with MCD diet showed a decrease in the serum albumin level. Oral treatment of MCD-diet fed rats with MLN (10 mg/kg/day) for the 14 consecutive days showed restoration of the serum levels of ALT, AST, ALP, GGT, albumin, total and direct bilirubin (Table 2) . 
Assessment of the hepatic cytokine (IL-6) and its modulator (NF-kβ)
Rats fed with MCD diet for 8 weeks showed a marked increase in the hepatic IL-6 and NF-kβ (46.31±1.95 vs.6.8± 0.37 pg/g tissue and 4.51 ±0.21vs.0.56±0.02 ng/g tissue, P< 0.05) respectively as compared to the normal control. Oral treatment of MCD-diet fed rats with MLN (10 mg/kg/day) for the 14 consecutive days showed a decrease in the hepatic IL-6 content (17.5±0.84 vs.46.31±1.95 pg/g tissue, P < 0.05), similarly, treatment with MLN attenuated the hepatic NF-kβ content (1.34±0.08 vs.4.51 ±0.21ng/g tissue, P < 0.05) as compared to MCD diet-induced NASH group (Figure 2) . 
Assessment of Proliferating Cell Nuclear Antigen immunohistochemically
PCNA immunostaining reaction was confined to the nuclei. The reaction product was present in different patterns from a faint to strong densely stained nuclear granular reaction filling the whole nucleus. Sections for the control reaction gave a negative PCNA stain. Examination of liver sections in MCD dietinduced NASH showed densely stained nuclei. However, liver sections isolated from MLN treated groups only few nuclei were stained ( Figure. 4a, Table 3a ). Examination of brain sections from the control reaction gave a negative PCNA stain. MCD diet-induced NASH showed mild stained nuclei. However, brain sections isolated from MLN treated groups showed negative PCNA stain ( Figure. 4b, Table  3a ).
Assessment of the histopathological changes of the liver and the brain
Hepatic tissues isolated from normal rats showed normal histological structure of the central vein and surrounding hepatocytes in the parenchyma (Figure 5aI ). However, fatty changes were observed in the hepatocytes all over the hepatic parenchyma of tissue isolated from MCD-diet fed rats ( Figure  5aII ). On the other hand, fatty changes were observed in only few individual hepatocytes in the parenchyma of the hepatic tissue isolated from MCD-diet fed rats treated with MLN (10mg/ kg) ( Figure 5aIII ; Table 3b ).
Brain tissues isolated from normal rats showed normal histological structure of the meninges with underlying cerebral cortex, hippocampus (Figure 5bI) , striatum in the cerebrum and cerebellum (Figure 5bII) . However, the cerebrum of the brain tissues isolated from MCD-diet fed rats showed congestion in the blood vessels (Figure 5bIII) , associated with pyknosis, degeneration and atrophy in the neurons of the hippocampus (Figure 5bIV ). There was eosinophilic plagues formation in the striatum (Figure 5bV ). On the other hand, there were focal eosinophilic plagues in the striatum of the brain tissue isolated from MCD-diet fed rats treated with MLN (10mg/ kg) ( Figure  5bVI ; Table 3b ). 
DISCUSSION
Mechanisms underlying the progression from a normal liver to NASH have been discussed in several experimental models (Baumgardner et al., 2008) .Methionine choline-deficient diet is a frequently used nutritional model of NASH, causing histological steatohepatitis that is very similar to human NASH. Feeding on MCD diet induces hepatic inflammation, steatosis, and fibrosis (Leclercq et al., 2000; Syn et al., 2011) .
Previously in our lab; we investigated the beneficial outcomes of using coenzyme Q10;which is a well-known antioxidant with established hepato-protective abilities to counteract both hepatic and neuronal side effects accompanying MCD-induced NASH and the results were really promising .In the present study, we wanted to try using a well-known neuroprotective agent namely melatonin (MLN) (Pandi-Perumal et al., 2006) to investigate its efficacy on the same model as modulator of enzymatic biomarkers, inflammatory cytokines and cell proliferative mechanisms. Former investigators reported that MLN has a significant impact in many models of hepatic disorders specially NASH and functions as antiinflammatory and anti-apoptotic agent in liver yet; its full mechanism of action has not been deeply elucidated (Cichoz-Lach et al., 2010; Tahan et al., 2009) .
Similar to the previous study in our lab; MCD diet showed a significant decrease in BW and increase in the relative LW. Serum levels of ALT, AST, ALP, GGT, total and direct bilirubin were markedly increased, while serum levels of albumin were decreased suggesting liver dysfunction and bile duct injury. Moreover; MCD diet resulted in significant increase in aggressiveness represented by hyper locomotor activity as well as significant elevation in the brain NOx and ammonia levels. Additionally, our results revealed that MCD-induced NASH in rats decreased the brain levels of BDNF.
These findings are in agreement with former investigators who stated that the decline in the major methyl donor methionine caused by NASH results in folate deficiency and consequently marked aggressive behavior as well as neurodegeneration (Chan et al., 2008) . Moreover; it was reported that deficiency in methionine or choline induced significant increase in NOx concentration in all brain regions (Veskovic et al., 2015) . Furthermore; it was previously designated that BDNF modulates neuronal survival and thus affects neurogenesis (Tosini et al., 2012) . Histologically, fatty changes along with tissue injury and inflammation were observed. The cerebrum of the brain tissues isolated from MCD-diet fed rats showed congestion in the blood vessels, pyknosis, degeneration and atrophy in the neurons of the hippocampus. These findings are in agreement with previous investigations in our lab as well as formers investigators' results (Itagaki et al., 2013; . Proliferating cell nuclear antigen, as a marker of liver and brain tissue DNA damage has been investigated immunohistochemically. These immunohistochemical investigations were carried out in order to improve our understanding of histopatholiogical changes. Previous researchers stated that tissue injury is often correlated with elevated levels of PCNA and that the number of PCNA-positive hepatocytes increased significantly in mice fed MCD diet. (Itagaki et al., 2013) . Similar effects were obtained in our research. Oral treatment of MCD diet fed rats with MLN (10 mg/kg; p.o.) for 14 days markedly improved enzymatic parameters viz., the serum levels ALT, AST, ALP, GGT, albumin, total and direct bilirubin. These findings were in accordance with another studies which showed the valuable outcome of MLN treatment on plasma liver enzymes levels in patients with NASH (Gonciarz et al., 2012) and against thioacetamide-induced liver fibrosis in rats (Czechowska et al., 2015) . Furthermore, oral treatment of MCD diet fed rats with MLN (10mg/kg) for 14 days reduced the level of proinflammatory cytokines IL-6 as well as its modulator NF-kβ which is the factor of transcription associated with increased expression of proinflammatory genes. One of the principal indicators of liver fibrosis is the discharge of proinflammatory cytokines by Kupffer cells and enhanced exponentiation of hepatic stellate cells (Tsukamoto, 1999) . Development of fibrogenesis results in amplified production of collagen, and augmented release of NF-κβ. It has been revealed that MLN in addition to decreasing the accumulation of collagen; it ameliorated hepatic inflammation through inhibiting NF-κβ translocation to the nucleus and binding to DNA (Czechowska et al., 2015) .
Our findings revealed that MLN reversed NASH induced aggressive behavior. Moreover; it reduced brain ammonia and NOx levels. These results are in rhyme with previous researches; where reduction of aggressive behavior and hyper locomotor activity by MLN as well as neuroprotective properties and amelioration of brain oxidative stress have been previously reported in other psychotic conditions (Bazrgar et al., 2015 , Souza et al., 2014 . The neuroprotective role of MLN is attributed to its ability to ameliorate radical formation through its anti-excitatory and anti-inflammatory effects (Pandi-Perumal et al., 2006) .
Our results revealed that MLN significantly increased the BDNF level. Previous investigators reported that MLN significantly prevented the chronic administration of high doses of dexamethasone induced reduction in the expression of BDNF (Ruksee et al., 2014 , Tongjaroenbuangam et al., 2013 . MLN also increased the expression of BDNF in other models of neurotoxicity and neurodegenerative disorders (Bavithra et al., 2015; Rudnitskaya et al., 2015; Zhang et al., 2013) . On the histopathological level; fatty changes were observed in only few individual hepatocytes in the parenchyma of the hepatic tissue isolated from MCD-diet fed rats treated with MLN and there was a significant improvement in the histopathological changes in the brain tissue isolated from MCD-diet fed rats treated with MLN. Furthermore, MLN treated group showed beneficial effects represented by only few stained nuclei with PCNA in the liver and negative stain on the brain indicating tissue DNA preservation ability.
CONCLUSION
Our study afford new intuition into the probable molecular pathways by which MLN confronts steatohepatitis disorder, via modulation of several factors participating in the progression of this disease. Thus, from all the previous findings we can conclude that MLN has a hepato-protective and neuroprotective role in modulation of enzymatic biomarkers, inflammatory cytokines and cell proliferative mechanisms in MCD induced NASH in rats, as a future new treatment target for this multi-pathological disease.
